Natural convection heat transfer from a vertical cylinder in liquid sodium was experimentally studied. Two test cylinders of different dimensions were used. They were 7.62 and 17.51 mm in diameter, and 186 and 257 mm in heated length, respectively. The surface heat flux was ranged from 2×10 4 to 2×10 6 W/m 2 at the bulk liquid temperatures of 673, 773 and 873 K. The local heat transfer coefficients on the cylinders were obtained systematically at various heights, x, from the leading edge of the heated section. On the other hand, theoretical equations for laminar natural convection heat transfer from a vertical cylinder were numerically solved by using PHOENICS code for the same conditions as the experimental ones considering the temperature dependence of thermo-physical properties concerned. with the deviations less than 20 % for the range of R f tested here. The Nu x on the rod diameter of a heat exchanger for a power plant, D=31.8 mm, were numerically analyzed by using this code. A correlation, which can describe the effects of the cylinder diameter and the cylinder height, was given based on the experimental and theoretical values. This correlation can describe the experimental and theoretical values of Nu x for R f ranging from 1.5×10 2 to 4.7×10 6 within 20 % difference.
Introduction
Many studies for natural convection heat transfer from a vertical cylinder have been carried out. Most of them are the numerical solutions with the boundary layer approximation and the experimental data in air. Sparrow and Gregg (1956) obtained a numerical solution of the laminar boundary layer equations for natural convection from the outer surface of a vertical cylinder with a uniform surface temperature and established the quantitative criterion for determining the conditions under which the heat transfer from a cylinder agreed with the flat plate results within 5 % error. LeFerve and Ede (1957) executed the integral method to the laminar boundary layer equations in cylindrical coordinates. The numerical results were almost in agreement with those by Sparrow and Gregg. Fujii and Uehara (1970) presented the correlation for the local natural convection heat transfer from a vertical cylinder with the uniform surface temperature and the uniform heat flux. This correlation based on the boundary layer approximation was expressed in comparison with the theoretical solutions for a vertical plate.
Knowledge of natural convection heat transfer from a vertical cylinder in liquid sodium is important as a passive safety assessment and a database for the design of a heat exchanger in a fast breeder reactor for decay heat removal at a loss of flow accident. However, there have been little fundamental work in liquid sodium and little is known on the effects of cylinder diameter, D, and cylinder height, x, on the heat transfer. The objectives of present study are: (1) to obtain the experimental data of natural convection heat transfer from a vertical cylinder with two cylinders of different dimensions for a wide range of heat flux, q, and liquid temperature, T L , (2) to obtain the numerical solutions of local Nusselt numbers on a vertical cylinder from a theoretical laminar natural convection equations for the same conditions as the experimental ones, (3) to compare the experimental results with the corresponding theoretical values to confirm the reliability of both results, and (4) to present a correlation to describe the effects of x, D, R f and T L on natural convection heat transfer on a vertical cylinder based on the experimental data and the numerical solutions. 
Apparatus and method
Experimental apparatus consists of a test vessel containing a test heater, a vapor condenser, an inert gas supply, a vacuum system, a sodium purification system and instrumentation. Explanations on major parts of the apparatus are as follows. The test vessel is shown schematically in Fig. 1 . It is a cylindrical vessel of 30 cm in outer diameter and 70 cm in height containing liquid sodium of about 30 liter. A test cylinder (D=7.6 or 17.5 mm) and a thermocouple well (d=10.5 mm) are mounted vertically at distances of 50 mm from the central axis of the vessel. A measuring device of the vertical temperature distribution (d=13.2 mm) in the liquid consisting of several K type thermocouples and one standard R (13 %) type thermocouple, and two liquid level indicator wells (d=25.4 mm) are mounted vertically at distances of 100 mm from the central axis of the vessel on the opposite side to the test cylinder by using flanges on the top of the vessel. Liquid temperature measured by the standard R (13 %) type thermocouple located at the height of 170 mm from the inner bottom of the vessel was regarded as the bulk liquid temperature, T L , in this work. The value of T L would be defined as the inflow liquid temperature at the leading edge of the heated section for the test cylinder. Lower part of the vessel up to the height of 500 mm is in an electric furnace whose power is PID controlled to keep the liquid in the vessel at a desired temperature (Hata, et al., 1995b , Hata, et al., 1999a .
Two test cylinders of different dimensions were used in the experiment. One of them is shown in Fig. 2 . They were 7.62 and 17.51 mm in diameter and 186 and 257 mm in heated length, respectively. The leading edges of the heated section for these test cylinders are located at the height of 120 and 159 mm from the inner bottom of the vessel. The former test cylinder is a nickel sheathed once-through current type with a spiral tantalum heating element one end of which is connected to an electrode with a potential tap, the other end being grounded to liquid sodium. The latter is an Inconel-600 sheathed returning current type which has a bi-spiral heating element insulated from the grounded liquid sodium and connected to each electrode at both ends. Boron nitride is used as the electrical insulation material. Eight and three 0.5-mm diameter K type thermocouples are embedded in the grooves on each test cylinder surface, respectively, brazed and surface-finished.
The heating current to a test cylinder is supplied by a power amplifier, which can supply a direct current of up to 600 amperes at a power level of 21 kW. The input signal of the power amplifier is controlled by an analog computer so that the heat generation rate in the test cylinder agrees with a desired value. The surface heat flux was ranged from 2×10 4 to 2×10 6 W/m 2 at each bulk liquid temperature.
Signal voltages expressing the heating current and the terminal voltage of the test heater, heater surface temperatures and bulk liquid temperatures are sent to each insulated amplifier, and the amplified signals are led to a digital computer through AD converters. The heat flux, q, is calculated from the measured values of the heating current and the terminal voltage. The measured output voltage for each thermocouple is converted to temperature by using the voltage-temperature relation preliminary calibrated for each thermocouple. The calibration was performed in sodium by using a standard precision R (13%) type thermocouple. The heater surface temperature, T S , was calculated from the measured temperature at 0.25 mm inner positions from the surface by solving the heat conduction equation in the heater sheath supposing a uniform surface heat flux, q. Measurement error was estimated to be 1 % in the heat flux and 2 K in the heater surface temperature. Experiments were performed as follows. After charging up liquid sodium to the test loop from the storage tank, sodium was purified to an oxide content of less than 5 ppm by circulating it through a cold trap at the temperature of 390 K for about 8 hours. Then, the circulation pump was shut off and liquid level in the test vessel was adjusted to about 300 mm from the leading edge of the heated section. Liquid temperature was raised and kept constant at the desired value (673, 773 and 873 K) by using the electric furnace. Pressure of Argon cover gas was kept constant at around atmospheric. After the electric furnace was turned off and the system has reached a steady state with the vertical temperature distribution of less than 2 K in the liquid, electric current to the test cylinders was gradually raised to a desired heat flux level. The heat flux was kept for 76 s during which the measurements were made in the time intervals of 0.1 s at each heat flux level.
Experimental results and discussion
Natural convection heat transfer from a single vertical cylinder of 7.62 and 17.51-mm diameter to liquid sodium was measured for bulk liquid temperatures of 673, 773 and 873 K. Liquid head, H, from the leading edge of the heated section was kept at about 300 mm and the heat flux was ranged from around 2×10 4 to 2×10 6 W/m 2 : the modified local (Takeuchi, et al., 1992) , is ranging from 1.5×10 2 to 4.7×10 6 . Experimental conditions are tabulated in Table 1 .
On the other hand, theoretical equations for laminar natural convection heat transfer from a vertical cylinder were numerically solved for the same conditions as the experimental ones considering the temperature dependence of thermo-physical properties concerned by using a commercial CFD code PHOENICS (Spalding, 1991) . Outline of the theoretical equations and calculation method is shown in Appendix 1. Table 2 shows the parameters used for the calculation.
Local surface temperature rise on a cylinder surface
The local surface temperatures, T S , on the test cylinder were calculated from the temperatures measured by the thermocouples embedded in the sheath by solving heat conduction equation in the sheath. Typical experimental results of the local surface temperature rises, T S -T L , at seven positions on the nickel sheathed test cylinder of 7.62-mm For each heat flux, the local surface temperature becomes higher with increasing x as shown in the figure. The increasing rate of T S -T L is steep near the leading edge and it becomes gradually gentle for x larger than 30 mm. The local surface temperature increases with the increase in the heat flux, q, at a fixed x. Numerical solutions of T S -T L for a vertical cylinder at the same conditions as the experimental ones are also shown in the figure as a solid line for comparison. The experimental values of T S -T L are almost in agreement with the corresponding theoretical ones, although the experimental ones for q=2×10 6 W/m 2 are somewhat scattered in comparison with the theoretical ones. It is assumed that turbulent eddies would be formed at some distance from the leading edge and depending on the temperature difference between cylinder surface and environment, and the thermal stratification of contained fluid would be violently disturbed in a limited test vessel with two thermocouple wells and two liquid level indicator ones.
Local heat transfer on a cylinder surface
The local Nusselt numbers, Nu x , derived from the local heat transfer coefficients on the 7.62-mm diameter test cylinder for the liquid temperature of about 673 K were plotted on the Nu x versus R f [=Gr x * Pr 2 /(4+9Pr 1/2 +10Pr)] graph in Fig. 4 with x as a parameter. The data for the distance from leading edge of the heated section, x, are shown as solid and open symbols with the fluctuation range. As can be seen in the figure, the Nu x data for each x become gradually larger with an increase in R f and they also increase with an increase in x on each heat flux level. Numerical solutions of the Nu x are shown as double circles and those on each x were linked up by the solid lines for comparison. The experimental data on x=30 mm are 20 % higher than the numerical solutions at R f =10 2 and gradually approaches the curve with an increase in R f . The differences between the experimental data and the theoretical solutions become smaller with an increase in x and the experimental data on x=162 mm arrive at 11 % lower than the numerical solution at R f =2.4×10 6 . Following correlation for the local Nusselt number, Nu x,p , from the vertical plate with the uniform heat flux was presented by Fujii and Fujii (1976) 
Effect of bulk liquid temperature
which are obtained for the 7.62-mm diameter vertical cylinder at liquid temperatures of about 773 and 873 K. These relations are in good agreement with those for the liquid temperature of about 673 K shown in Fig. 4 on the whole range. This is because the thermo-physical properties, Prandtl number etc., change only slightly with the increase in the liquid temperature for the tested range: the Prandtl numbers for liquid temperatures of 673, 773 and 873 K are 0.00498, 0.00446 and 0.00416, respectively.
Effect of cylinder diameter
The effect of the cylinder diameter on natural convection heat transfer was estimated based on the experimental data and the numerical solutions for the vertical cylinder diameters of 17.51 and 31.8 mm. The experimental data and the numerical solutions of Nu x for the 17.51-mm diameter were plotted against R f in Fig. 7 . The values of Nu x show nearly the same trend of dependence on x and R f for 7.62-mm diameter cylinder, although they are far nearer to the values for the vertical plate than the corresponding values for the 7.62-mm diameter cylinder shown in Fig. 4 . It is explained to be as the result of the curvature effect being smaller for the local Nusselt number, Nu x , through the thermal boundary layer on the heated surface with an increase in the cylinder diameter. Figure 8 shows the numerical solutions for the rod diameter of a heat exchanger for a power plant, D=31.8 mm. The values of Nu x are 20 to 50 % higher than the corresponding values for the vertical plate. As can be seen in these figures, it should be noted that the Nu x value for the vertical cylinder gradually approaches the curve for the vertical plate with the increase in the cylinder diameter, D. 
Correlation for a vertical cylinder
The numerical solutions agreed with the experimental data within 20 % difference. In this section the correlation for the vertical cylinder including the effects of x, D and R f is presented based on the experimental data and numerical solutions.
The experimental data and the numerical solutions for liquid sodium and the numerical solutions for air are approximately expressed by the following correlation (LeFevre and Ede, 1957 , Mabuchi, 1961 , Burmeister, 1983 . The values derived from this correlation are shown in Fig. 9 where the values of Eq. (2) are plotted with x as a parameter. The trend of Nu x for R f is almost similar to Eq. (2) for liquid sodium. However, the values derived from this correlation are almost in good agreement at x=30 mm and become higher than the corresponding numerical values with the increase in x and are from +15.7 to +9.03 % higher than those at x=162 mm. And authors' correlation for a vertical cylinder was also compared with the values derived from Fujii and Koyama's correlation, Eq. (5) The values of derived from these correlations are from -11.11 to 6.43 % difference of Eq. (2) and from -13.42 to 4.16 % one, respectively, for whole range of R f tested here.
Summary and conclusions
Experimental data of natural convection heat transfer for various cylinder heights on a vertical cylinder of 7.62 and 17.51 mm in diameter with a uniform heat flux were obtained systematically for a wide range of modified local Rayleigh number and liquid temperature in liquid sodium.
Theoretical solutions for the same conditions as the experimental ones were obtained. The experimental data are in agreement with the corresponding theoretical ones within 20 % difference.
A correlation for Nu x including the effects of x, D and R f was derived based on the experimental data and the numerical solutions. This correlation can describe the experimental and numerical values of Nu x for heat fluxes ranging from 1×10 4 to 2×10 6 W/m 2 and cylinder diameters ranging from 7.62 to 31.8 mm at liquid temperatures ranging from 673 to 873 K within 20 % difference. 
